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CHAPTER 1: Refractive-Index Structure Coefficient Research

INTRODUCTION

As engineers and scientists work to refine free-space optical systems that operate over long
terrestrial ranges, there is a need to better understand, characterize, and quantify the atmospheric
properties of the environment. One such atmospheric property of interest is the refractive-index
structure coefficient, or 𝐶𝑛2 , which describes small changes in the base atmospheric refractive
index. Over very short distances, small index of refraction changes usually cause negligible
problems to all but the most demanding optical systems, such as interferometric systems, but can
have a large effect on Optical Path Length (OPL) as short as 1 km. This thesis presents a low
cost, non-optical, instrument that provides accurate measures of 𝐶𝑛2 .
At the lowest level of understanding, index of refraction fluctuations in the atmosphere originate
with turbulent air motion (Hunt & Roggemann, 1996). The source of atmospheric turbulence
originates from temperature gradients on the surface of the earth as solar radiation and daily
weather patterns cause a heating and cooling cycle. The large scale temperature gradient from
the surface of the earth to upper atmosphere that is both easily measured and causes atmospheric
turbulence also applies to very small temperature gradients that are not separated by such vast
distances. These small temperature gradients are considered randomly distributed throughout a
1

larger temperature gradient. The index of refraction of air is sensitive to fluctuations in
temperature yielding a randomly distributed index of refraction for air through a slant or
horizontal path of small temperature gradients, setting the groundwork for understanding the
differential temperature impact on the refractive-index structure coefficient.
Systems like large terrestrial telescopes, free-space laser communication systems and High
Energy Laser (HEL) free space systems require a stable index of refraction for optimum
operation. It is understood that 𝐶𝑛2 is the most disruptive close to ground level so large telescope
construction projects take the ground level atmospheric properties into consideration and are
consequently built in locations with higher altitude or, at a minimum, on the highest floor of
university buildings away from ground atmospheric turbulence. Mobile HEL systems rarely
have the luxury of selecting an ideal operating environment and therefore must either be
designed to operate with poor optical atmospheric properties or the environmental impact on
performance must be understood and estimable.
This thesis begins with a description of the refractive-index structure coefficient, 𝐶𝑛2 , and
presents how it is employed to describe the turbulence in the atmosphere. This includes its
dependence on, most importantly, local and small temperature gradients. This is followed by the
system level definition of the component requirements for the Differential Temperature Sensor
(DTS) developed in this thesis, hardware development and testing, and, finally, comparison of
𝐶𝑛2 measurements made with optical instrumentation alongside this DTS. A conclusion,
summarizing the methods and results presented in this thesis, in addition to a brief discussion of
future work, concludes the thesis.
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The Field of Research
Research in the field of test devices for measuring the refractive-index structure coefficient, or
𝐶𝑛2 which is also known as atmospheric turbulence, is of specific interest with the increase of
integration and field test of HEL systems (Snow, 2017). Ultimately, performance for HEL
systems is determined by their lethality, but many factors contribute that are both known and
unknown to overall system performance. Examples of contributing factors are weather,
atmospheric turbulence, and system design. While it might be very difficult to design a HEL
system that can correct for all weather situations, it is conceivable to design a HEL system that
can correct for a level of atmospheric turbulence and distortion if the maximum level of
correction required is known (Barakat & Nisenson, 1987). The ability to make measurements of
𝐶𝑛2 is the focus of this thesis.
a. Sources of Atmospheric Turbulence
For the purposes of this paper, it is assumed that the majority of atmospheric turbulence is driven
by temperature changes in the environment with a local background mean pressure and
temperature (Roadcap & Tracy, 2009). Other experiments have considered the effects of
humidity fluctuations, wind speed, wind direction, and solar loading as additional sources of
atmospheric turbulence (Tunick, 1998). The source of these changes comes from the intensity of
the vertical convection transfer of heat, moisture, and momentum during the day that is
determined from the surface heat flux and thermal structure of the entire mixed turbulent layer
(Warner, 2011).
The exchange of heat flux, which leads to turbulence can be seen in Figure 1, shows how heat
flux transitions through the lower atmosphere. On the left (a) of Figure 1 is a vertical profile of
the mean potential temperature within and above a forest canopy during the daylight hours.
3

There is a stable layer within the forest canopy that extends to an unstable layer and then
transitions to a near-neutral layer. Air above the near-neutral layer becomes stable and has
minimal turbulence. The vertical dashed lines show the deep movement of air parcels within the
boundary layer.

Figure 1: Schematic showing stability based on local and non-local methods, and associated heat fluxes for
each type of method

Panel (b) of Figure 1 describes the heat flux that is observed under conditions of panel (a).
Heavy vertical arrows indicate the directions and magnitude of vertical fluxes of heat. From
Figure 1 panel (b) it can be seen that larger magnitudes of heat flux correlate to turbulent and
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unstable air. Assuming a local-closure approximation for the vertical heat flux a direction and
magnitude of the flux is defined by the vertical gradient of the potential temperature. This can be
described mathematically where 𝜃 is potential temperature, w is the vertical component of wind,
𝐾𝐻 is the thermal diffusivity of a substrate, and z is the vertical space coordinate (altitude).
Equation 1: Magnitude of Vertical Heat Flux

𝜕
̅̅̅̅
𝜃́𝑤́ = −𝐾𝐻 𝜃̅
𝜕𝑧
The relationship between the turbulence created by a change in pressure or temperature and the
refractive-index structure coefficient used for this paper are expanded on in more detail in
Chapter 2.
b. Measuring
The measurement of the refractive-index structure coefficient, 𝐶𝑛2 , has been used for several
specific purposes related to HEL testing. Recent test events have utilized 𝐶𝑛2 measurement at
various locations for comparison to historic models such as the Hufnagel-Valley 5/7 model to
help understand performance of HEL in relation to atmospheric turbulence, and to offer
comparison of equipment used to collect 𝐶𝑛2 (Tofsted, 2006). While not specifically related to
HEL testing, designers investigating adaptive optics systems that are being developed for
imaging in high turbulence must also have an understanding of the atmospheric turbulence
parameters they are operating in.
Collection of measured 𝐶𝑛2 data compared to historic models such as Hufnagel-Valley 5/7 (Hunt
& Roggemann, 1996) model, High Energy Laser End-to-End Operational Simulation
(HELEEOS) (Gravley, 2006), and the Tunic Model is of interest to understand which models

5

closely predict 𝐶𝑛2 per environment and altitude (Tunick, 1998). Several papers have been
written on the topic of model comparison to real world results for a range of environments and
altitudes (Gravley, 2006). As more precise models are developed and compared to existing
models, the quantifying for accuracy will continue to be measured 𝐶𝑛2 at a test site.
HEL field tests are heavily instrumented with a vast array of high speed cameras, beam
monitoring and evaluation systems, meteorological data collection systems, and atmospheric
scintillation measurement devices. The most important atmospheric propagation effects on a
HEL system include transmission losses, turbulence, and thermal blooming (Gebhardt, 1995).
The measurements from all of these devices are critical to understanding the performance of the
HEL under test, with a focus on the measurement of 𝐶𝑛2 .
Standalone adaptive optics systems suffer from similar environmental performance factors as
HEL systems with the exception of thermal blooming. Adaptive optics systems under test will
have a similar set of instrumentation as HEL tests to include devices that measure atmospheric
turbulence. The amount of atmospheric turbulence that is induced by particular environments is
also of interest during the adaptive optics design process. With the goal of the adaptive optics
system to correct the outgoing wavefront and compensate for atmosphere induced optical
aberrations, the amount of atmospheric turbulence will drive the depth of control required for the
adaptive optics system. When using a deformable mirror to correct the wavefront, the amount of
peak to valley travel available limits the amount of turbulence that can be corrected. (Enrique J.
Fernández, 2003) Measurements of the refractive-index structure coefficient, 𝐶𝑛2 , in real
environments can help engineers estimate maximum wavefront error and select adaptive optics
with sufficient range of motion to control the turbulence.

6

c. Measurement Methods
Known measurement methods of atmospheric turbulence data includes:
•

Scintillation Detection and Ranging (SCIDAR) – images the shadow patterns in the
scintillation of starlight.

•

Low Layer Scidar (LOLAS) – scaled down SCIDAR, a small aperture version of
SCIDAR designed for low altitude profiling.

•

Slope Detection and Ranging (SLODAR) – operates by detecting the backscatter from
atmospheric conditions.

•

Multi-Aperture Scintillation Sensor (MASS) – optical sensor that creates two images of a
single target on a focal plane array to estimate atmospheric scintillation.

•

Moon Scintillometer (MooSci) – uses multiple photoelectric diodes at various distances
to monitor minor changes in light reflected from the Moon.

•

Radio Detection and Ranging (RADAR) – maps atmospheric turbulence.

•

Differential Image Motion Monitor (DIMM) – optical sensor that creates two images of a
single target on a focal plane array and uses statistical area of interest tracking to estimate
atmospheric scintillation.

•

Atmospheric Characterization System (ACS) – Shack-Hartmann Wavefront Sensor) –
optical system that measures changes in wavefront from a source beacon.

•

Scintillometer (Popular name brands are Scintec and Kipp & Zonen) – commercially
available scintillation measurement device.

•

Balloon-Borne Thermometers – temperature sensing devices that estimate atmospheric
characteristics (Astronomical Seeing, 2017).
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The majority of atmospheric turbulence profiling systems sampled are optical systems that image
a beacon or target from known distance and then compute an estimate of atmospheric turbulence
based on the sensor data. All of the listed atmospheric turbulence profiling systems, except the
Balloon-Borne Thermometers, measure an integrated path of turbulence and not turbulence at a
nodal location. Additionally, several of the atmospheric profiling systems are path weighted and
require further analysis (Griffith, 2013).
Advantages of optical atmospheric profilers for measuring 𝐶𝑛2 when testing with HEL or
adaptive optics systems are that the systems are accepted by the test community as the metric of
turbulence measurements. ACS measuring the same optical path as a HEL device under test
essentially use the same mechanism as an imaging sensor for an adaptive optics system but
without any correction for atmospheric effects. Many optical profilers have graduated from
university use and become commercial products, which implies data integrity, system stability,
and system reliability. These systems can also profile vast horizontal and vertical distances
without the need for using multiple characterization devices.
Disadvantages to measuring 𝐶𝑛2 with an optical system share some of their strengths. The
downside to measuring an integrated optical turbulence path is that the path is averaged and
weighted. Turbulence induced by micro-meteorology over various terrain is essentially path
averaged and the instruments do not have the ability to specifically determine the turbulencegenerating at any a single point along the optical path. (Becker, 1961) Optical atmospheric
turbulence characterization devices are also designed for a minimum and maximum path which
they can measure, 250m – 6000m (BLS900, 2017). Most optical atmospheric turbulence
characterization devices also require a beacon, or light source, to image down range. The
addition of a down range component implies two devices, two power sources, and some amount
8

of alignment and setup prior to taking a 𝐶𝑛2 measurement. Finally, the majority of 𝐶𝑛2
measurement devices are expensive initial investments, and in some cases, cost prohibitive to
own and operate.
d. Research Approach
The measurement approach used for this thesis is to develop a Differential Temperature DTS
system with high resolution, low cost, digital temperature sensors that can measure the
refractive-index structure coefficient , 𝐶𝑛2 , of turbulent air. While the electronics have been
modernized, experiments of this type have been conducted using analog DTSs on both static and
moving platforms for at least 30 years. (Izquierdo, McDonald, & Smith, 1987) Under the
outlined assumptions, it is possible to correlate a differential temperature measurement, ∆𝑇, with
changes in atmospheric turbulence and refractive-index structure coefficient, 𝐶𝑛2 . A custom
integrated set of digital temperature sensors was used for the data collection with a key aspect of
sensor selection that there must be a very small temperature resolution.
Advantages of using the constructed DTS system are that the sensors measure a ‘nodal’ location
and not the typical integrated path of an optical atmospheric characterization device. The
atmospheric turbulence is only measured where the sensor is located. The ‘nodal’ nature of the
DTS sensors implies that there is not a minimum measurement path, system path averaging, or
additional hardware to set up and align. Multiple DTS systems can be combined to measure an
atmospheric turbulence ‘area’ that is not possible to measure with optical devices. The concept
of the final DTS system is a low cost, low power consumption, extremely portable and accurate
device.
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Disadvantages of the DTS system are the same as their strengths. To measure a HEL
propagation path, many sensors are required to instrument a long distance. Single point, or
‘Nodal’ 𝐶𝑛2 measurements are not a test standard and require testing and calibration to prove the
systems are collecting accurate data. The data reduction required to properly reconstruct an
averaged 𝐶𝑛2 path can be tedious and time consuming if many DTS sensors are combined to
approximate an integrated optical path measurement. It would also be very difficult to position
DTS systems over measurement areas that are horizontal but cross rivers or ravines where
sensors would be floating in space.
e. Project Description
The following chapters describe the detailed theory, temperature sensor selection, DTS system
design and fabrication, testing, field testing, and analysis. The vast majority of the project was
spent on hardware iteration and field testing with a MASS DIMM, ACS, and Scintillometer as a
“truth sensor” for comparison. Finally, the mathematical exercise to understand sensor
theoretical error was completed and used to bound system results.
f. Basic Theory
Because the physical source of the index of refraction variations is derived from the temperature
gradient in turbulent air motion, the index of refraction can be modeled as the sum of the mean
index of refraction, 𝑛0 , and the randomly fluctuating term, 𝑛1 (𝑟⃗, 𝑡):
Equation 2: Index of Refraction Components

𝑛(𝑟⃗, 𝑡) = 𝑛0 + 𝑛1 (𝑟⃗, 𝑡)
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where 𝑟⃗ is a three dimensional position vector, and t is time. These small fluctuating index of
refraction terms are inconsequential for short distances but can alter a beam wavefront, OPL, or
position at longer distances.
To understand the impact of 𝑛1 (𝑟⃗, 𝑡) on an optical system, a simple geometrical optics model
was performed that utilized Snell’s Law,
Equation 3: Snells’s Law

𝑛1 𝑠𝑖𝑛(𝜃1 ) = 𝑛2 𝑠𝑖𝑛(𝜃2 ),
where 𝑛1 is the first material index of refraction, 𝜃1 is the angle the ray strikes the interface of
the two materials, 𝑛2 is the second material index of refraction, and 𝜃2 is the angle the ray leaves
the interface of the second material. Figure 2 illustrates Snell’s Law and the material change
interface. (Pantazis Mouroulis, 1997)

Figure 2: Snell's Law

Expanding Snell’s Law from two materials to 5-10 over distances of 100 meters starts to create
notable differences in ray height from where the ray would land without a change in index of
refraction. Figure 3 illustrates the basic concept of how a ray will bend as it transitions from
material to material over a distance.
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Figure 3: Ray Tracing through Isotropic Volumes of Different Refractive Index Compared to Homogeneous
Volumes of Similar Refractive Index

Calculations to understand the real impact changes in index of refraction cause over a 100 meter
path at various angles were performed using rearranged terms in Snell’s law and basic geometry.
If the change of index of refraction were constant, then the traced rays would still arrive at their
target. If the change of index of refraction is varying in time then then the arrival angle, and
arrival height, would change from moment to moment. This causes blur and distortion of the
image or beam shape.
For this analysis a modified Snell’s Law, Equation 4, was used to calculate the angle when
moving from one volume index of refraction to the next. The thickness of the refractive index
volumes was then used to calculate the height of where the ray would strike the next volume of
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refractive index. Equation 5, which is derived from finding the height of a right angle triangle,
was used to solve the height value.
Equation 4: Modified Snell's Law

𝑛1 𝑠𝑖𝑛(𝜃1 )
𝑠𝑖𝑛−1 (
) = 𝜃2
𝑛2
Equation 5: Height from Right Angle Triangel

𝑏(tan 𝜃2 ) = 𝑎

Figure 4: Right Triangle Relationship

Basic calculations are shown in Table 1 and then illustrated in Figure 5. The table was
calculated by following a ray that is starting at distance 0 and then evaluated every 5 meters, b,
up to 100 meters. The starting incident angle, 𝜃1 , was set to 60 degrees. The change in height, a,
per 5 meters, b, was calculated by using Equation 4 to yield 𝜃2 and then by using the right hand
triangle relationship from Equation 5. A standard index of refraction was assumed, 1.00029, and
a refractive index structure coefficient term, 𝐶𝑛2 , was added for each 5 meter thick volume of
atmosphere.
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To calculate the change in height caused by flowing through many volumes of atmosphere with
different indexes of refraction a homogeneous volume of atmosphere was also calculated, the
Control Height. The Control Height assumes that there is no change in index of refraction across
the 100 meter path and uses the same starting angle of 60 degrees. The difference between the
homogeneous volume of atmosphere and the volumes of air with varying indexes of refraction
(IoR) was then calculated as the Height Delta.
Table 1 outlines these calculations for the 60 degree propagation case. The difference in height
over 100 meters was calculated at 0.001525 meters or 0.1525 cm.
Table 1: Height Delta from IoR Change
Distance (m)
0
5
10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
95
100

Incident Angle
(Degrees)
60
59.99996158
59.99995773
59.99991931
59.99991547
59.99987704
59.9998732
59.99986936
59.99983093
59.99982709
59.99978867
59.99978483
59.9997464
59.99974256
59.99970414
59.99970029
59.99966187
59.99965803
59.99961961
59.99961576
59.99957734

Incident Angle
(Radians)
1.047197551
1.047196881
1.047196814
1.047196143
1.047196076
1.047195405
1.047195338
1.047195271
1.0471946
1.047194533
1.047193863
1.047193796
1.047193125
1.047193058
1.047192387
1.04719232
1.04719165
1.047191583
1.047190912
1.047190845
1.047190174

Height

Air (IoR)

Cn2

0
8.660241
17.32048
25.98071
34.64093
43.30114
51.96135
60.62156
69.28175
77.94195
86.60213
95.26231
103.9225
112.5826
121.2428
129.9029
138.5631
147.2232
155.8833
164.5434
173.2036

1.00029
1.00029
1.00029
1.00029
1.00029
1.00029
1.00029
1.00029
1.00029
1.00029
1.00029
1.00029
1.00029
1.00029
1.00029
1.00029
1.00029
1.00029
1.00029
1.00029
1.00029

1.50E-13
1.50E-15
1.50E-13
1.50E-15
1.50E-13
1.50E-15
1.50E-15
1.50E-13
1.50E-15
1.50E-13
1.50E-15
1.50E-13
1.50E-15
1.50E-13
1.50E-15
1.50E-13
1.50E-15
1.50E-13
1.50E-15
1.50E-13
1.50E-15
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IoR Change Resulting IoR Control Height
3.87298E-07
3.87298E-08
3.87298E-07
3.87298E-08
3.87298E-07
3.87298E-08
3.87298E-08
3.87298E-07
3.87298E-08
3.87298E-07
3.87298E-08
3.87298E-07
3.87298E-08
3.87298E-07
3.87298E-08
3.87298E-07
3.87298E-08
3.87298E-07
3.87298E-08
3.87298E-07
3.87298E-08

1.000290387
1.000290039
1.000290387
1.000290039
1.000290387
1.000290039
1.000290039
1.000290387
1.000290039
1.000290387
1.000290039
1.000290387
1.000290039
1.000290387
1.000290039
1.000290387
1.000290039
1.000290387
1.000290039
1.000290387
1.000290039

0
8.660254038
17.32050808
25.98076211
34.64101615
43.30127019
51.96152423
60.62177826
69.2820323
77.94228634
86.60254038
95.26279442
103.9230485
112.5833025
121.2435565
129.9038106
138.5640646
147.2243186
155.8845727
164.5448267
173.2050808

Height
Delta
0
1.34E-05
2.82E-05
5.63E-05
8.58E-05
0.000129
0.000173
0.000219
0.000278
0.000338
0.000412
0.000487
0.000575
0.000665
0.000769
0.000873
0.000991
0.001111
0.001243
0.001377
0.001525

Figure 5: Height Delta from IoR Change per Angle

Another way to visualize the effect of 𝐶𝑛2 on an optical system is to calculate the Optical Path
Difference (OPD) for a base refractive index compared to the base refractive index impacted by
𝐶𝑛2 (Geary, 2012). OPD is calculated from knowing a base OPL (OPL = 𝑛1 𝑙) and then a
modified OPL that uses a different refractive indices. OPD is shown in Equation 6.
Equation 6: Optical Path Length Difference Equation

𝑂𝑃𝐷 = |𝑛1 𝑙 − 𝑛2 𝑙|
A modified OPD equation can be generated by replacing 𝑛2 in Equation 6 with a base index of
refraction combined with the square root of the refractive index structure coefficient, 𝐶𝑛2 .
Equation 7: Optical Path Difference 𝑪𝒏𝟐 Equation

𝑂𝑃𝐷 = |𝑛1 𝑙 − (𝑛1 + √𝐶𝑛2 ) 𝑙|
Where 𝑛1 is the base refractive index, 𝑙 is the propagation path length, and 𝐶𝑛2 is the refractive
index structure coefficient. Units of OPD will be in the same units used for the base length
under evaluation.
15

The implication with an OPD calculation is not that the light will bend but that the wavefront
will become distorted and aberrated as it propagates through turbulent air. The resulting
wavefront will create an image that is blurred. The effect of OPD on the phase of the light can
be calculated by dividing the OPD by a desired wavelength as seen in Equation 8.
Equation 8: OPD Phase Shift

𝑃ℎ𝑎𝑠𝑒 𝑆ℎ𝑖𝑓𝑡 = 𝑂𝑃𝐷⁄𝜆
Equation 8 was used to make calculations for a wavelength of interest, 1064 nm, at various
distances and 𝐶𝑛2 values. Figure 6 illustrates the maximum phase shift per distance when
compared to a base index of refraction (1.00029) and an index of refraction value that as the
maximum 𝐶𝑛2 disturbance within it (1.00029 + √𝐶𝑛2 ). It is noted that for calculations in
Figure 6 and Table 2 a constant 𝐶𝑛2 was used for the calculations. Table 2 shows the
calculations displayed in Figure 6 resulting from an index of refraction change as a result of
distance. In the worst case of atmospheric turbulence that was used for analysis, 1.5 𝑒 −13 𝑚
at the farthest point, 10,000 m, it is possible to see a phase shift of over 3,500 waves.
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Figure 6: OPD Per λ
Table 2: OPD⁄λ Calculations for Cn2 E-13

Distance (m)
0
500
1000
1500
2000
2500
3000
3500
4000
4500
5000
5500
6000
6500
7000
7500
8000
8500
9000
9500
10000

Air (IoR)
1.00029
1.00029
1.00029
1.00029
1.00029
1.00029
1.00029
1.00029
1.00029
1.00029
1.00029
1.00029
1.00029
1.00029
1.00029
1.00029
1.00029
1.00029
1.00029
1.00029
1.00029

Cn2 E-13
1.50E-13
1.50E-13
1.50E-13
1.50E-13
1.50E-13
1.50E-13
1.50E-13
1.50E-13
1.50E-13
1.50E-13
1.50E-13
1.50E-13
1.50E-13
1.50E-13
1.50E-13
1.50E-13
1.50E-13
1.50E-13
1.50E-13
1.50E-13
1.50E-13

OPD⁄λ Calculations for Cn2 E-13
IoR Change Resulting IoR
OPL
3.87298E-07 1.000290387
0
3.87298E-07 1.000290387 500.145
3.87298E-07 1.000290387 1000.29
3.87298E-07 1.000290387 1500.435
3.87298E-07 1.000290387 2000.58
3.87298E-07 1.000290387 2500.725
3.87298E-07 1.000290387 3000.87
3.87298E-07 1.000290387 3501.015
3.87298E-07 1.000290387 4001.16
3.87298E-07 1.000290387 4501.305
3.87298E-07 1.000290387 5001.45
3.87298E-07 1.000290387 5501.595
3.87298E-07 1.000290387 6001.74
3.87298E-07 1.000290387 6501.885
3.87298E-07 1.000290387 7002.03
3.87298E-07 1.000290387 7502.175
3.87298E-07 1.000290387 8002.32
3.87298E-07 1.000290387 8502.465
3.87298E-07 1.000290387 9002.61
3.87298E-07 1.000290387 9502.755
3.87298E-07 1.000290387 10002.9
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OPL Cn2
0
500.1452
1000.29
1500.436
2000.581
2500.726
3000.871
3501.016
4001.162
4501.307
5001.452
5501.597
6001.742
6501.888
7002.033
7502.178
8002.323
8502.468
9002.613
9502.759
10002.9

OPD
0
0.000194
0.000387
0.000581
0.000775
0.000968
0.001162
0.001356
0.001549
0.001743
0.001936
0.00213
0.002324
0.002517
0.002711
0.002905
0.003098
0.003292
0.003486
0.003679
0.003873

OPD⁄λ
0
182.0011
364.0022
546.0033
728.0044
910.0055
1092.007
1274.008
1456.009
1638.01
1820.011
2002.012
2184.013
2366.014
2548.015
2730.016
2912.018
3094.019
3276.02
3458.021
3640.022

At optical wavelengths, the refractive index of air has a dependence on temperature and pressure
of the environment given by
Equation 9: Index of Refraction Relation to Temperature and Pressure

𝑛1 = 𝑛 − 1 =

77.6𝑃
× 10−6
𝑇

where T is the temperature of the air in °K and P is the pressure of the air in millibars (Hunt &
Roggemann, 1996). Temperature will be the dominating factor for calculating the index of
refraction for air and can be seen when taking the derivative of 𝑛1 .
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Equation 10: Index of Refraction Rate of Change with Temperature

𝑑𝑛1 −77.6𝑃
=
× 10−6
𝑑𝑇
𝑇2
By multiplying both sides of the equation by 𝑑𝑇 and then changing 𝑑𝑇 to ∆𝑇 and 𝑑𝑛1 to ∆𝑛1 the
equation changes to:
Equation 11: Change of Index of Refraction with Change in Temperature

∆𝑛1 =

−77.6𝑃
× 10−6 ∆𝑇
𝑇2

Recall that the original 𝑛1 (𝑟⃗, 𝑡) is considered a randomly fluctuating term similar to a signal
fluctuating above and below zero. By squaring 𝑛1 (𝑟⃗, 𝑡), and therefor ∆𝑛1 , the signal can be
made to a power and evaluated as:
Equation 12: Conditioned Index of Refraction Delta

∆𝑛1

2

2
−77.6𝑃
−6
=[
× 10 ] ∆𝑇 2
𝑇2

Which is very similar to published equations (Roadcap & Tracy, 2009) that describe 𝐶𝑛2 in
terms of a temperature structure coefficient 𝐶𝑡 2 ,
Equation 13: Refractive Index Structure Coefficient Equation (Roadcap & Tracy, 2009)
2

𝐶𝑛2 = [79 𝑃⁄𝑇 2 ] × 10−12 𝐶𝑇 2 ,
where P is pressure in millibars (mbar) and T is temperature in °K. The 𝐶𝑇 2 value can be
measured experimentally using DTSs and then calculated using the Kolmogorov spectrum of
turbulence by
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Equation 14: Temperature Structure Equation (Roadcap & Tracy, 2009)

𝐶𝑇 2 =

〈∆𝑇 2 〉
⁄ 2⁄ ,
𝑟 3

where ∆𝑇 is the temperature difference obtained from a pair of temperature sensors separated by
distance r. The angle brackets indicate an ensemble average (Izquierdo, McDonald, & Smith,
1987).
Assuming a DTS separation where r = 1m, then ∆𝑇 2 and 𝐶𝑇 2 are mathematically identical.
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CHAPTER 2: Sensor Selection and Experimental Setup

A trade study of the hardware required to experimentally collect differential temperature data
was conducted with bounds on the cost of hardware, the size of hardware, and the resolution of
the hardware. The desire was to select instrumentation that was both low cost, high resolution,
and easy to implement. High accuracy temperature sensors, such as thermocouples and
anemometers that have been used in previous experiments require high end data collection
equipment that is not low cost or size. Lower cost Resistive Temperature Detectors (RTD) and
thermistors typically do not have the accuracy or resolution required for differential temperature
measurements. To better understand requirements for a DTS, a set of Commercial Off-TheShelf (COTS) sensors were evaluated. Minimum resolution from selected sensors was inserted
as ∆𝑇 into Equation 13 and
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Equation 14 to generate minimum measurable𝐶𝑛2 .
Table 3 displays the minimum measurable 𝐶𝑛2 variations, based upon the resolution of COTS
temperature sensors. As seen in the table, the minimum resolvable 𝐶𝑛2 is a function of
minimum sensor resolution.
Table 3: COTS Temperature Sensor Trade Study

dT
Ct
Cn

COTS Sensors
TSci 506F (10 bit) TSci 506F (12 bit) 1083 TMP102 SEN-11931 MPL3115A2 SEN-11084
HRES
0.068359375
0.017089844
0.0625
0.029296875
0.00390625
0.013663947
0.000853997
0.011421944
0.002509705
4.4617E-05
5.91005E-15
3.69378E-16
4.94032E-15
1.08552E-15
1.92981E-17

To best illustrate how critical sensor selection is, two sensors were evaluated against 𝐶𝑛2 data
collected on a typical day. The goal of the evaluation is to deconstruct a 𝐶𝑛2 signal into ∆𝑇
increments and then reconstruct the 𝐶𝑛2 data using COTS Sensor resolution. Figure 8: May 5th
2015 (Cn)^2 illustrates 𝐶𝑛2 data collected using an ACS, or wavefront sensor, on May 5th of
2015. The data from Figure 8 was converted into 𝐶𝑇 2 using Equation 15 with values of pressure
and temperature from Table 4. Data for Table 4: Values Used for dT Calculation was extracted
from the daily weather provided by the Weather Underground (Weather Underground, 2016)
website and is shown in Figure 7.
Equation 15: 𝑪𝟐𝒏 to 𝑪𝑻 𝟐 Conversion Equation

𝐶𝑛2
2

[79 𝑃⁄𝑇 2 ] × 10−12
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= 𝐶𝑇 2

Table 4: Values Used for dT Calculation

Instrument
Temperature
Pressure
Sensor Spacing

Measurement
295.37
1023.7
0.2

Units
Kelvin
Milibar
Meter

Figure 7: 05/05/2015 Weather

Equation 16 was then used to calculate ∆𝑇 of the original 𝐶𝑛2 signal.
Equation 16: 𝑪𝑻 𝟐 to Differential Temperature Converson Equation

𝐶𝑇 2 (𝑟

2⁄
3)
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= 〈∆𝑇 2 〉

Once ∆𝑇 increments are populated in Table 3, it is easy to make a sensor selection based upon
the minimum 𝐶𝑛2 resolution. For comparison, COTS Sensors TMP102 SEN-11931 and High
Resolution (HRES) sensors were selected for reconstruction of the original 𝐶𝑛2 signal. The
signal was reconstructed by taking the calculated ∆𝑇 from Equation 16 and reducing each ∆𝑇 at
every time increment into COTS Sensors resolution steps based upon the sensor minimum
resolution using Equation 17.
Equation 17: Sensor Resolution Equation

∆𝑇
= 𝑅𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛𝑆𝑡𝑒𝑝𝑠
𝑆𝑒𝑛𝑠𝑜𝑟𝑅𝑒𝑠𝑜𝑙𝑡𝑖𝑜𝑛
The resulting Resolution Steps were rounded to the nearest integer number and are shown in
Figure 9. Without further analysis it is easy to see that a higher resolution temperature sensor
has many more resolution steps to more closely approximate the original 𝐶𝑛2 signal.
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Figure 8: May 5th 2015 (Cn)^2

Figure 9: Temperature Sensor Resolution Steps
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Rounded temperature sensor Resolution Steps are then multiplied by their associated lowest
sensor resolution to fully reconstruct the ‘digital’ 𝐶𝑛2 plot using Equation 18.
Equation 18: Sensor Resolution Reconstruction Equation

𝑅𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛𝑆𝑡𝑒𝑝𝑠 ∗ 𝑆𝑒𝑛𝑠𝑜𝑟𝑅𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 = 𝐶𝑛2
Figure 10 shows the impact sensor resolution has in correctly approximating 𝐶𝑛2. The low
resolution sensor TMP102 SEN-11931 follows the general 𝐶𝑛2 trend but the resolution steps are
clearly seen when compared with the original May 5th data. The higher resolution HRES sensor
does a better job of following original May 5th 𝐶𝑛2 data with differences apparent only upon
close inspection of Figure 10 and the enlarged Figure 11.

Figure 10: Reconstructed (Cn)^2 from Temperature Resolution
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Figure 11: Reconstructed (Cn)^2 from Temperature Resolution (ZOOM)
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Board Design / Testing
Information from the temperature sensor trade study allowed the selection of a high resolution
HRES Inter-IC data bus (I2C) DTS with a minimum resolution of 0.00390625℃. The nature of
differential temperature requires the measurement of a temperature difference between two
sensors with a spacing of r. To allow for sensor spacing, board design incorporated a center
node processing board with separate temperature sensor board connections to the processor I2C
data bus. To account for accurate time stamps on data collected throughout a test, a Global
Positioning System (GPS) sensor is used to accurately record location and time. The benefit of
using GPS is that many differential temperature nodes at separate spatial locations can be used
during one test with high confidence that recorded time is correct. Data is written to an on board
micro Secure Digital (SD) card with an open serial port to allow for the addition of a future live
data link. Figure 12 shows the differential temperature board layout and features.

Figure 12: Differential Temperature Board Layout
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Table 5: DTS V1 Specifications

DTS V1 Specifications
DT Temperature
0.003906
C
Resolution
Nodal Pressure
Weather Underground
Sensor
Nodal Temperature
Weather Underground
Sensor
Nodal Separation
1
m
Sampling Rate
1
Hz

Table 5 outlines the base specifications of the DTS system used for all test events. Indoor testing
of the differential temperature system indicated the extreme sensitivity of the sensors to slight
variations in temperature. An attempt to isolate the temperature sensors indoors inside a foam
cooler resulted in data that shows the control loop for the building Heating, Ventilation, and Air
Conditioning (HVAC). Experimental data showed that there is an offset in temperature between
the two sensors co-located inside the cooler bringing about a question of factory calibration and
the possibility of differential temperature measurements that include the error. Figure 13 clearly
shows the temperature signal offset that is more visible when temperatures fall than rise.

Figure 13: Indoor HVAC Temperature Profile
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To get a better understanding of the offset between temperature sensor nodes, a VersaTenn II
environmental chamber at the University of Alabama in Huntsville Center for Applied Optics
(UAH CAO) was employed to provide a known and isolated environment for testing. The test
ran for 6 hours with the VersaTenn II programed to 22.0℃ with setup shown in Figure 14.

Figure 14: Versa Tenn II Experimental Setup

Again the temperature sensors were sensitive enough to pick up and track the control loop for the
environmental chamber. Results from testing, Figure 15, show a visible separation between
sensors that averages to 0.1248℃, which in turn is 32 resolution steps. The total signal average
of 22.758℃ is comprised of an average 5826 resolution steps giving an error between
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temperature sensors of 0.549%. Referencing back to Table 3 COTS Sensor Resolution the
sensor offset from the HRES sensor is only 2 resolution steps (0.1248/0.0625 = 1.9968) of
TMP102 SEN-11931. The error delta shown in Figure 15 was considered a ‘calibration offset’
and was subtracted from future 𝐶𝑇 2 calculations as shown in Equation 19: Delta T Calibration
Offset.

Figure 15: Versa Tenn II Thermal Chamber Temperature Profile
Equation 19: Delta T Calibration Offset

𝐶𝑇 2 =

〈(∆𝑇−′ 𝐶𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛𝑂𝑓𝑓𝑠𝑒𝑡)2 〉
⁄ 2⁄
𝑟 3

After benchtop testing was complete, bare DTSs were taken outside for tests that were designed
to explore real world operation. A 5,500 mAh 3 cell Lithium Polymer battery was used as the
power source yielding approximately 48 hours of constant run time. Testing revealed the
necessity of solar radiation shields over the temperature sensor nodes, if the systems would be
exposed to direct sunlight. To better understand the impact of solar loading, a solar radiation
shield was designed and manufactured from white, acrylonitrile butadiene styrene (ABS) plastic.
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The radiation shield, shown in Figure 16, was designed in such a way to allow airflow through
the sensor housing but not allow any light above the horizon to reach the sensor.

Figure 16: Solar Radiation Shield

Figure 17: Solar Shield Mechanical Cross Section
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After fabrication of one solar radiation shield was complete, a test was performed to compare the
solar radiation shield performance to the previous sensor housing design. Both sensors and the
data collection node were placed on a table in full sunlight from mid-day until after sunset. The
experimental setup is shown in Figure 18.

Figure 18: Solar Radiation Housing Test Setup

During peak sunlit hours, temperature collected from sensor nodes was at times 20℃ over
similar data taken at a nearby weather station. The temperature profile in Figure 19 shows the
impact of solar radiation on the temperature sensors during a daylight period. Sensor 1 is
protected by a solar radiation shield while Sensor 2 is in full view of sunlight. Once the solar
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radiation has passed between 12000 and 13000 time steps, after sunset, Sensor 1 and Sensor 2
converge on a similar temperatures.

Figure 19: Outdoor Temperature Profile without Solar Shields

After fabrication of solar radiation shields outdoor testing resumed. Testing with a single DTS
node generated a temperature profile that matched with local weather station data. Differential
temperature data was then used to generate a single location 𝐶𝑛2 profile. Figure 20 shows the
temperature profile and Figure 21 shows the 𝐶𝑛2 profile generated with temperature profile data.

Figure 20: Outdoor Temperature Profile with Solar Shields
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Figure 21: (Cn)^2 Profile from Outdoor Temperature Data

Outdoor testing confirmed that the general 𝐶𝑛2 profile with low scintillation nights, visible
neutral events, and peak scintillation days were clearly visible and of the right magnitude
compared to 𝐶𝑛2 profiles measured optically with a scintillometer.
It is worth noting that the majority of early testing was accomplished with a Version 1.0 DTS
system that did not have on board reference temperature and pressure that is required for input
into Equation 15. Local temperature and pressure were sourced from weather stations with data
available over the internet and in close geographic proximity. The merging of local weather data
and DTS V1 data with independent sampling rates was a manual time consuming process which
inspired a DTS V2 that has barometric pressure and temperature on the data collection board.
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CHAPTER 3: Testing in Parallel and in Comparison, with Optical Devices

To validate differential temperature as a technique for predicting 𝐶𝑛2 a test was organized to
include 2X DTS V1, a MASS DIMM system, and an ACS system. The optical systems utilize a
Light Emitting Diode (LED) Beacon viewed across a horizontal path approximately 26 meters
off the ground on building rooftops and a receiver spaced 950 meters from the LED Beacon at
the same altitude. Optical and differential temperature systems were co-located with a DTS node
located at the LED Beacon and receiver of each system. Data for this experiment was collected
over the dates of 10/04/2016-10/10/2016. Figure 22 shows the experimental setup across the
UAH campus. Figure 23 shows the hardware as configured on the building rooftops.
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Figure 22: Experimental Setup

Figure 23: Experimental Layout

October 2016 was an unusually hot month in Alabama. Raw temperature data collected from
Figure 24 shows the temperature profile throughout the duration of the test exceeding 30℃ for
37

most of the test event. Figure 25 shows the calculated 𝐶𝑛2 from DTSs sensors for the duration
of the test. During the test, it was observed that the DTSV1 Sensor on the Optics building was
malfunctioning during the peak heat of the day. As a result, only one day, October 4th 2016, was
put through thorough analysis.

Figure 24: 10/04/2016-10/10/2016 Temperature Profile

Figure 25: 10/04/2016-10/10/2016 〖Cn〗^2 Comparison
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Figure 26 shows the detailed weather data for October 4th 2016 to include (Weather
Underground, 2016) temperature, barometric pressure, wind speed, and wind direction. Because
the DTSV1 sensors used to calculate differential temperature did not have a barometric pressure
sensor installed until DTSV2 weather data in Figure 26 was used for the calculations in Equation
15 to derive a 𝐶𝑛2 measurement shown in Figure 27.

Figure 26: 10/04/2016 Weather
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Figure 27: Optical Device Comparison

Figure 27 shows the comparison of DTSV1 sensors to both the DIMM and ACS. It is believed
that the DTSV1 located on the Optics building was intermittently malfunctioning but the sensor
located near the optical beacon on Roberts Hall operated flawlessly through October 4th 2016.
Visual inspection of the 𝐶𝑛2 profile shows that the DTS sensor located at the UAH Optics
Building near the DIMM and ACS receiver is well correlated during the daytime. The DTS
sensor located at Roberts Hall, near a kilometer away from the DIMM and ACS receiver,
captured a 𝐶𝑛2 profile similar in shape to the DTS sensor located at the UAH Optics building,
but with a lower daytime magnitude. It is thought that differences in correlation between the
optical systems and the DTS systems is largely attributed to the optical systems measuring an
integrated path and the DTS systems measuring a nodal point.
Additional differences between the measurements taken from optical 𝐶𝑛2 systems and DTS
systems during the evening hours are attributed to a minimum atmospheric turbulence
measurement range. The measurement range is defined by the aperture size and internal optics
of the optical systems. The DTS systems also have a theoretical minimum measurement range
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that is defined by the resolution of the nodal temperature sensor minimum resolution step and
therefore the smallest ∆𝑇 that the DTS systems would be able to report. Data reported from the
DTS system in Figure 27 is also considered ‘raw’, meaning that the data was recorded from the
temperature sensor nodes at 1Hz and not averaged. Both optical systems capture 60 image
frames over 0.5 seconds with a total dwell time of 10 seconds to arrive at a 𝐶𝑛2 measurement
which effectively averages the atmospheric turbulence measurement over the 0.5 seconds
measurement period every 10 seconds. Additionally, the DIMM and ACS measurements have a
path weight towards the receiver, where the temperature sensor measurements were taken.
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CHAPTER 4: Conclusion

In conclusion, design, fabrication, and testing of a low cost DTS for measuring the refractiveindex structure coefficient yielded results comparable to optical devices. With continued testing
and differential temperature system refinement a viable low cost atmospheric turbulence
characterization sensor can become an alternative measurement system for situations when it is
not possible to measure an optical path.
Data collected from the Optical Device Comparison Test seen in Figure 27 demonstrate the
feasibility of using a differential temperature method for measuring atmospheric turbulence and
the refractive index structure coefficient, 𝐶𝑛2 . Comparison of the DTS system to optical systems
that also measure atmospheric turbulence was seen as a critical step in evaluating the feasibility
of a DTS system before any larger investments or improvements could be made to the DTS
system.
Based upon the Optical Device Comparison Test future DTS system improvements are planned
to increase the capability of the overall DTS system. Version one DTS sensors did not have the
ability to measure a ‘nodal’ temperature or pressure, a component that is now seen as a
requirement. There is also a desire to add additional sensors to the DTS system that would allow
for the correlation of more than just temperature and pressure to atmospheric turbulence. Those
sensors include, but are not limited to, relative humidity, solar loading, wind speed, and wind
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direction. Integration of additional sensors and a small solar panel would create a very useful
atmospheric monitoring tool.
The ability to collect temperature data at a rate higher than 20 Hz (DTS maximum collection
rate) is also under consideration. Requests to measure temperature at rates of 1000 Hz would
require the design of an analog temperature sensor board with a temperature sensor that has as
small of mass as possible. A data collection rate of 1000 Hz is an easy modern electronics task,
but designing and fabricating a temperature sensor that is accurate and has a mass that is low
enough to change at 1000 Hz will be challenging. Research into the thermal mass, speed /
response of a sensor is dependent upon the humidity, wind speed, and pressure of the air. It is
possible that other methods of measuring atmospheric temperature, like sonic anemometers,
might be more accurate at higher sample rates.
Further research into the effects that solar radiation and atmospheric flow have on a small
temperature sensor is also of interest. While solar radiation played a large role in designing solar
radiation housings for the current nodal temperature sensors, it is probable that the solar radiation
housings disrupt the atmospheric turbulence and temperature that is under measurement. A
temperature sensor or solar housing design that both reduces the sensor area, and thereby reduces
area exposed to solar radiation, and increases while not disrupting the flow over the temperature
sensor is ideal.
Other operational uses of the DTS sensor are also under consideration. Concepts, such as
integration into tactical vehicles or onto small UAVs, are of interest because DTS sensors do not
require an extensive setup process and can make atmospheric turbulence measurements at exact
locations, like a telescope aperture. Integration of a DTS sensors on a small UAS would allow
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scientists to make turbulence measurements in locations that are impossible to measure with an
optical system or even a tower mounted DTS sensors.
DTS system survivability against the weather is also an area of future work. The current
temperature sensor design has the ability to be conformal coated for protection against wind,
water, salt and other damaging substances but not at some loss of sensor response time due to the
increase in system mass. Housing for the data collection node that provides environmental
safety and the ability to remove a SD data card will take some development work.
In conclusion, the DTS system for measuring atmospheric turbulence and the refractive structure
coefficient, 𝐶𝑛2 , is a useful tool for understanding if the atmosphere is optically turbulent. The
testing of a DTS system with optical devices that all measure 𝐶𝑛2 highlighted that the underlying
science of generating 𝐶𝑛2 from a temperature structure coefficient, 𝐶𝑇 2 , is a reasonable
approach. The effort that went into the DTS system design, temperature sensor selection, and
data reduction was a useful exercise in better understanding the field of optical science and its
relationship to the environment.
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Acronyms and Abbreviations
ABS
ACS
COTS
DIMM
DTS
GPS
HEL
HELEEOS
HRES
HVAC
Hz
I2C
LED
LOLAS
m
mAh
MASS
mbar
MooSci
OPD
OPL
RADAR
RMS
RTD
SCIDAR
SD
SLODAR
UAH CAO
UAS
UAV
ZOOM

Acrylonitrile Butadiene Styrene
Atmospheric Characterization System
Commercial Off-the-Shelf
Differential Image Motion Monitor
Differential Temperature Sensor
Global Positioning System
High Energy Laser
High Energy Laser End-to-End
Operational Simulation
High Resolution
Heating, Ventilation, Air Conditioning
Hertz
Inter-IC Bus
Light Emitting Diode
Low Layer Scidar
Meter
Milliamp Hours
Multi-Aperture Scintillation
Millibar
Moon Scintillometer
Optical Path Difference
Optical Path Length
Radio Detection and Ranging
Root Mean Square
Resistive Temperature Detectors
Scintillation Detection and Ranging
Secure Digital
Slope Detection and Ranging
University of Alabama in Huntsville
Center for Applied Optics
Unmanned Aircraft Systems
Unmanned Aerial Vehicle
Zeroed Output Optical Meter
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Appendix
Uncertainty Analysis
Uncertainty in High Resolution Temperature Sensor measurement comes from three
primary sources: Sensor accuracy / calibration (0.1℃), sensor resolution (0.00390625℃),
and sensor noise (0.0625℃). Uncertainty of the base temperature measurement can be
calculated as

𝑢𝑇 = √𝑇𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦 2 + 𝑇𝑅𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 2 + 𝑇𝑁𝑜𝑖𝑠𝑒 2 = √0.12 + 0.003906252 + 0.06252
= 0.117989℃
For a T1 temperature measurement of 28.566406℃

𝑢𝑇 2
0.117989℃ 2
𝑢𝑇1
√
⁄𝑇 = √( ) = (
) = 0.413%
𝑇
28.566406℃

And a T2 temperature measurement of 28.605469℃

𝑢𝑇 2
0.117989℃ 2
𝑢𝑇2
⁄𝑇 = √( ) = √(
) = 0.412%
𝑇
28.605469℃

𝑢𝑇1 2 𝑢𝑇2 2
𝑢∆𝑇
⁄∆𝑇 = √
+
= √0.004132 + 0.004122 = 0.584%
𝑇1
𝑇2

Uncertainty in measuring sensor spacing comes primarily from the resolution of the
instrument that was used to position the sensors. A pair of 12” calipers was used to set
sensor spacing with a resolution of 0.001”. Assuming human error contributed to the
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accuracy of placement another 0.1” tolerance was allowed for uncertainty in sensor
spacing location. Uncertainty of the sensor placement is calculated as

𝑢𝑟 = √𝑟𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦 2 + 𝑟𝑅𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 2 = √0.12 + 0.0012 = 0.100005"

Total uncertainty in calculation of 𝐶𝑇 2 with
T1: 28.566406℃
T2: 28.605469℃
r: 8.5”
is calculated as:

2𝑢∆𝑇 2
𝑢𝑟 2
0.100005" 2
2
𝑢𝐶𝑡 2
2
2
√
√
) + ( ⁄3 ) = (2(0.00584)) + ( ⁄3
) = 1.4%
⁄𝐶𝑡 2 = (
∆𝑇
𝑟
8.5"

Uncertainty in the base temperature sensor comes from three primary sources. Absolute
accuracy (2.0°𝐾), supply voltage error (0.5°𝐾), and resolution RMS error (0.012°𝐾).
Uncertainty of the node temperature measurement can be calculated as

𝑢𝑇𝑛 = √𝑇𝑛𝑇𝑜𝑡𝑎𝑙 2 + 𝑇𝑛𝑉𝑜𝑙𝑡𝑎𝑔𝑒 2 + 𝑇𝑛𝑅𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 2 = √2.02 + 0.52 + 0.0122 = 2.062°𝐾

Uncertainty in the base pressure sensor is composed of 5 separate error components.
Total error (2.0 mbar), supply voltage error (2.5 mbar), resolution RMS error (0.130
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mbar), long term stability (1.0 mbar), and solder reflow impact (0.4 mbar). Uncertainty
of the node pressure measurement can be calculated as

𝑢𝑃 = √𝑃𝑇𝑜𝑡𝑎𝑙 2 + 𝑃𝑉𝑜𝑙𝑡𝑎𝑔𝑒 2 + 𝑃𝑅𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 2 + 𝑃𝑆𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦 2 + 𝑃𝑆𝑜𝑙𝑑𝑒𝑟 2
= √2.02 + 2.52 + 0.1302 + 1.02 + 0.42 = 3.380 𝑚𝑏𝑎𝑟
Total uncertainty in calculation of 𝐶𝑛2 is expressed as

𝑢𝐶𝑛2

𝑢𝑇𝑛 2
𝑢𝐶𝑡 2 2
𝑢𝑃 2
) + ( 2 ) + (2 )
⁄𝐶𝑛2 = √(4
𝑇𝑛
𝐶𝑡
𝑃

= √(4

2.062°𝐾 2
3.380𝑚𝑏𝑎𝑟 2
2
) + (0.014) + (2
)
𝑇𝑛
𝑃

Where
T = 302.611044°𝐾
P = 982.51 mbar

𝑢𝐶𝑛2

⁄𝐶𝑛2

= √(4

2
2.062
3.380 2
2
) + (0.014) + (2
)
302.611044
982.51

= √(0.027256)2 + (0.014)2 + (0.00688)2 = 3.14%
A total 𝐶𝑛2 uncertainty of 3.14% is calculated for this one measurement in time. It is
worth noting that because

𝑢∆𝑇
⁄∆𝑇 relies on the uncertainty error as a percentage of the

sensor node measurements that any temperature measurement within negative 4.214℃ to
positive 4.214℃ will have an error greater than 5% (Beckwith, 1993).
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